Patient monitoring with 12-lead ECG subsets typically uses the independent frontal leads I and II and any number of the six precordial leads to reconstruct the unrecorded ECG leads. However, variations of QRS amplitudes in leads I or II may have an effect on the signal to noise ratio of the reconstructed leads. The aim of this study was to develop and evaluate a dynamic frontal lead selection method (DFLS) to improve ECG reconstruction. We compared the DFLS method for general (GEN) and patient-specific (PS) reconstruction with a lead subset I, II, V 2 , and V 5 . For GEN reconstruction, a data set of 2372 diagnostic 12-lead ECGs obtained from subjects with chest pain suggestive of acute myocardial infarction was used. For PS, a data set of 71 continuous 12-lead PCI recordings was used. Reconstruction accuracy was assessed with correlation coefficients and root mean square errors. This study showed that the DFLS method increases GEN reconstruction performance in a subgroup with low QRS voltages. PS reconstruction shows a moderate overall performance increase.
Introduction
In recent years, patient monitoring with lead subsets of the 12-lead electrocardiogram (ECG) and subsequent reconstruction of the unrecorded leads has been studied by various research groups [1, 2, 3, 4, 5, 6, 7] . Typical reduced lead set implementations in clinical practice use the independent frontal leads I and II and two of the six precordial leads to reconstruct the four unrecorded ECG leads using general and patient-specific coefficients. For example, Drew et al. [4] proposed a lead subset with leads I, II, V 1 and V 5 . With the coefficients published by Xue et al. [7] , the unrecorded lead V 2 can be reconstructed with dV 2 = 0.887330 * I + -0.091160 * II + 1.578620 * V 1 + 0.230214 * V 5 . The other unrecorded leads V 3 , V 4 and V 6 are reconstructed in a similar fashion, but with different coefficients.
One of the most important challenges with the practical use of reduced lead sets in clinical settings is to minimize reconstruction errors as a result of noise propagation from a recorded lead. Noise propagation can be caused by poor lead subset selection and the computation of reconstruction coefficients. Several studies [1, 3, 4, 5] have focused on the optimal selection of precordial leads. The choice of the frontal leads is often fixed to the limb leads I and II, as it is well-known that the remaining leads III, aVR, aVL and aVF can be mathematically derived from I and II. Based on the ECG lead theory and the Einthoven triangle, any combination of two frontal leads can be used to generate the remaining leads. For example, instead of I and II, Wang et al. [6] used frontal leads II and III and Schreck et al. [2] proposed perpendicular frontal leads I and aVF.
Depending on the average direction of the ventricular activation in the frontal plane, QRS amplitudes in leads I or II may be diminished and may have an effect on the signal to noise ratio of the reconstructed leads. For example, Figure 1 shows a frontal QRS axis of 94°with a small biphasic QRS complex in lead I. For patient-specific reconstruction, ECG leads with small amplitudes may have an effect on the computation of the reconstruction coefficients. Reconstruction coefficients for those leads will often be high to compensate for the small amplitudes. As the signal to noise ratio is low, noise in these recorded leads during long-term patient monitoring may propagate to the reconstructed leads.
For general reconstruction, the coefficients have been computed from a larger patient group and the effects of low amplitude leads have been averaged out. It is, however, unknown if dynamic selection of frontal leads and appropriate matrices may improve general reconstruction.
In this study, we propose and evaluate a reconstruction method by selecting a different combination of two frontal plane leads with the aim to improve ECG reconstruction.
Methods

Data sets
For the evaluation of general reconstruction, the data set of the REPAIR study [8] was used. The REPAIR data set contains 2372 ECGs and has been used for the development and evaluation of a computer-assisted decision algorithm for early initiation of thrombolytic therapy in the pre-hospital setting in the municipality of Rotterdam. Between 1992 and 1994, patients with chest pain suggestive of myocardial infarction were evaluated by their general practitioner, who then asked for ambulance assistance and hospital admission. After arrival of the ambulance, a 12-lead ECG was recorded by the ambulance personnel and interpreted by a computerized analysis system.
For the evaluation of patient-specific reconstruction, a second data set of 71 patients undergoing a percutaneous coronary intervention procedure [9, 10] was used. For each patient, two 12-lead ECGs were available. At the start of the procedure, a 5-minute 12-lead pre-PCI ECG was recorded prior to the procedure using a Siemens/Draeger patient monitor (SC7000, Andover, MA, USA). Another ECG (inflation) was marked at balloon inflation.
Data analysis
The ECGs were analyzed by the Modular ECG Analysis System (MEANS) [11] . MEANS computes averaged beats for each lead and provides global measurements, including the heart rate and frontal QRS axis, and measurements for each lead, including the Q, R, S and T peaks. A threshold of 100 µV for the R wave and a R/S ratio ≥0.4 was used to determine if a certain lead had a low QRS voltage. For the frontal QRS axis, the normal range was defined as -30°t o 90°, a leftward frontal QRS axis ≤15°and a rightward QRS axis ≥75°.
The recordings were divided into a separate learning set (n=1188) and test set (n=1160). A total number of 24 ECGs were excluded because of electrode interchanges or extensive noise in one or more leads.
ECG reconstruction
General reconstruction coefficients for all combinations of at least two of the six frontal leads and precordial leads V 2 and V 5 were computed using least-squares, multiple linear regression from the REPAIR learning set. To assess reconstruction performance, the coefficients were applied to the ECGs of the test set.
Patient-specific coefficients were computed for each patient of the pre-PCI ECG data and were applied to the inflation ECG of the same recording to assess patient-specific reconstruction performance.
2.4.
Dynamic frontal lead selection method Based on the frontal QRS axis and the classification of a low QRS in lead I or lead II, a different combination of two frontal leads is selected from the matrix library and used instead of the default lead subset I, II, V 2 and V 5 .
Performance evaluation
Reconstruction accuracy of the dynamic frontal lead method with general and patient-specific coefficients was evaluated on the test set. To quantify the degree of similarity between the original and reconstructed lead, we computed Pearson's correlation coefficient (CC) and the root mean square error (RMSE). For each ECG, the average CC and RMSE of the reconstructed leads were taken and the median of the averaged CC and RMSE was used to determine the best method.
Results are presented as median (interquartile range) or average±SD, where appropriate. CC is presented in a range from -100 to 100, where 100 yields a perfect correlation and -100 a perfect inverse correlation. Differences in baseline characteristics were evaluated with t-tests and χ 2 -tests. Wilcoxon's signed rank test was used to evaluate differences between reconstruction methods. A p-value <0.05 was considered statistically significant.
Results
General reconstruction
The baseline characteristics of the learning and test set for the general reconstruction evaluation are presented in Table 1 . The learning and test set are similar in composition. A combined total of 28 ECGs in the test set showed low QRS voltages (≤100 µV) in leads I or II, or both. * low QRS voltage defined as (≤100 µV), R/S ratio ≥0.4 Table 2 shows the reconstruction performance on the test set and the group of 28 recordings (LOWQRS) using lead subset I, II, V 2 , and V 5 and the dynamic reconstruction method with the same two precordial leads. For the test set, median CC and RMSE were the same for both methods. For LOWQRS, median RMSE was lower for the DFLS method, but this was not statistically significant. The median absolute RMSE difference in LOWQRS between the standard and DFLS method was 2 (0-4) µV and was not statistically significant.
We also compared the performance of the lead subsets, I, aVF, V 2 , and V 5 (Schreck [2] ) and II, III, V 2 , and V 5 (Wang [6] ) on the test set. The median and interquartile range CC and RMSE of these lead subsets were identical to the CC and RMSE of the lead subset I, II, V 2 and V 5 .
Patient-specific reconstruction
The baseline characteristics of the pre-PCI and inflation ECGs are presented in Table 3 . Table 4 shows the reconstruction performance results of the lead subset I, II, V 2 , and V 5 and the dynamic frontal lead selection method. The median and interquartile range of CC increased only moderately. The median absolute RMSE difference between standard and DFLS was 4 (0-6) µV and was not statistically significant. Table 3 . Baseline characteristics of the pre-PCI and balloon inflation ECGs of the PCI data set (n=71). 
4.
Discussion and conclusions
The presented dynamic frontal lead selection method increases reconstruction performance and signal to noise ratio in the reconstructed leads. However, the performance increase is very low, because a different combination of two frontal leads does not contain more information than is available in the standard combination of lead I and II.
For general reconstruction, the DFLS method may not increase median CC or lower median RMSE on the complete test set, but in a subgroup of ECGs with low QRS voltages, the DFLS lowers median RMSE.
For patient-specific reconstruction, higher CC and lower median RMSE were present in the balloon inflation set after applying the DFLS method. A possible explanation is that the DFLS method avoids overlearning of the patient's pre-PCI ECG.
Although the performance increase may be modest, the DFLS method might be appropriate for individual patients. In this study, the DFLS method increases reconstruction performance in the data set with low QRS voltages. This small group is important for the clinical acceptance of reduced lead sets. As the value of a (new) technology is often judged by a single case, any additional reduction of reconstruction errors or noise propagation may help.
The DFLS method extends the general and patientspecific reconstruction methods, but requires additional memory to store the coefficient matrices for each of the different frontal lead combinations. Also, extra processing power is required to periodically evaluate the dynamic selection of frontal leads during patient monitoring. Further improvements to the DFLS method are to investigate the use additional parameters, such as the frontal T axis.
